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(54) Improved VCSEL analog optical link 

(57) An improved analog VCSEL optical link in- 
cludes the following elements listed-ln their downstream 
order from the input to the output: an RF preamplifier 
(A1 ) for receiving a bandpass RF signal; a first imped- 
ance matching network (LASIf^ to match the input im- 
pedance of a downstream VCSEL laser to the output 
impedance of the RF preamplifier (A1 ); the VCSEL laser 
coupled to one end of a multimode optical fibre of given 
length for transducing optically the electrical bandpass 
RF signal; a PIN diode coupled to the other end of the 
multimode optical fibre for transducing into electrical the 
optical signal coming from the fibre; a second imped- 
ance matching network (C2, L2)to match the output im- 
pedance of the PIN diode to the input impedance of a 
downstream low-noise transimpedance amplifier (T1) 
and minimise the noise figure of said transimpedance 
amplifier (T1) in the meanwhile; the transimpedance 



amplifier (T1) including a low-noise FET in common 
source configuration; an RF power amplifier (A2); an RF 
signal envelope detector generating a control signal for 
a variable phase shifter placed downstream the RF pow- 
er amplifier (A2) to compensate for the AM/PM distortion 
introduced by both the optical fibre and the power am- 
plifier itself; and, if necessary, a gain linearisation net- 
work of the RF power amplifier (A2) and/or the RF 
preamplifier (A1 ). The analog VCSEL optical link is suit- 
able for the following uses: connecting indoor appara- 
tuses with tower antennas either static, i.e. point-to- 
point radio relay, or directh^e arrays, i.e. point-to- 
multipoint systems; building-up a fibre infrastructure for 
connecting centralised base stations with respective 
pool of remote antennas sending as many cells of a cel- 
lulartelephone system such as: PCS, GSM, UMTS, and 
similar; intra-building connections for distributing, CATV 
services (fig.4). 
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Description 

FIELD OF THE INVENTION 

[0001] The present invention relates to the field of 5 
nnultimode analog optical fibre communications and 
more precisely to an Improved VCSEL analog optical 
link. 

BACKGROUND ART io 

[0002] Historically, Light Emitting Diodes (LED) have 
represented the most popular light emitting devices in 
data transmission through optical fibres, nowadays solid 
state lasers are replacing LEDs in almost all optical fibre '5 
communications. Different materials can be mixed to the 
silica during the manufacturing process of the optical fi- 
bres in order to obtain particular wavelength windows of 
minimum propagation losses for the light. Well exploited 
windows are: the first (around 850 nm), the second 20 
(around 1 ,300 nm), and the third (around 1 ,550 nm). All 
these optical windows belong to the infrared spectral 
range. Lasers are designed for emitting a coherent light 
inside said optical windows. Optical fibres can be single- 
mode or multimode, the sing?fe-mode have lower core/ 25 
claddirrg ratios, typically 9-10/125 ^im against 50-65/1 25 
\xm of the multimode. Single-mode fibres are more ex- 
pensive than multimode and have the advantage to ex- 
hibit small attenuation of the light and minor intemiodal 
dispersion, so that they are preferred for the longer dis- 30 
tances. Solid state lasers have intrinsic non-linearities 
because of the coupling between the carrier density and 
the photon density through the material. These non-lin- 
earities generate spurious Intermodulation Distortion 
(IMD) that can fall within the detection bandwidth, such 35 
as the third order (IMD3) ones. A measure that quanti- 
fies the effect of the non-linearity of the laser is the Spu- 
rious Free Dynamic Range (SFDR), defined as the out- 
put power range over which the modulation signal can 
be detected above the noise floor while spurious IMD3 
remains below the noise floor. The SFDR value is meas- 
ured with standard two tone method and conventionally 
nonnalised Into 1 Hz bandwidth. The SFDR unit are dB. 
Hz?'^ because multiplying X times the bandwidth, the 
worsening of SFDR is just 2/3 * X(dB). The attention will 45 
be focussed on Vertical Cavity Surface Emitting Laser 
(VCSEL), which Is the last developed after Fabry- Perot 
(FP) and Distributed Feedback (DFB). Typical SFDR 
range of the DFB lasers is 90-1 1 0 6B.Hz^, Both FP and 
VCSEL lasers have lower SFDRs than DFB, this is so 
mainly due to the multimode behaviour. Before discuss- 
ing the prior art a brief introduction to the most popular 
solid state laser technologies and some relevant appli- 
cations are given in order to introduce the technical 
problem. 55 
[0003] FP lasers are edge-emitting devices; that is the 
emitted light pencil comes out parallel to the substrate 
at one side of an active resonating cavity placed in the 



middle of a wafer structure. Top and bottom layers of the 
wafer consist of two slabs of semiconductor material 
specially designed to behave as two faced mirrors re- 
flecting the light back and forth the solid state cavity. 
Electric cun^ent flows through the device from the top 
slab to the bottom for stimulating the emission of light 
inside the active layer. The emitted light is spatially and 
temporally coherent but not entirety monochromatic be- 
cause more wavelengths are emitted Inside a nan'ow 
window around a central wavelength. This characteristic 
of the emitted light is said "multimode". FP lasers at the 
second optical window coupled to either monomode or 
multimode optical fibres are commonly used in digital 
communications such as Local Area Networks (LAN). 
The FP lasers have some limitations because of their 
multimode characteristk:, in partbular: 

• due to the coupling between multimode emitted 
light and dispersive optical fibres, the shape of the 
transmitted signal is distorted as it travels along the 
fibre; in consequence of that the maximal length of 
the fibre haul shall be reduced in comparison with 
monomode; 

• Wavelength Division Multiplexing (WDM) inside the 
single optical fibre is prevented because an ex- 
tremely chromatic purity of the light is needed. Mul- 
timode fibres suitable for WDM are doped for ob- 
taining adjacent optical windows of minimum loss- 
es. 

1 . The opportunity of using FP lasers for trans- 
mitting analog band-pass optical signals is dis- 
closed in the article: "Dynamic Range Require- 
ments for Microcellular Personal Communica- 
tion Systems Using Analog Fiber-Optic Links", 
authors: J.C. Fan, C.L. Lu, and L.G. Kazovsky, 
published in IEEE TRANSACTIONS ON MI- 
CROWAVE THEORY AND TECHNIQUES, 
VOL. 45. NO. 8, AUGUST 1997. The object of 
this IEEE article is that to study the quality re- 
quirements of the laser to be used in a central- 
ised optical fibre infrastmcture for a wireless 
Personal Communication System (PCS). PCS 
is a modem cellular telephony system charac- 
terised by cells of reduced dimensions, i.e.: 
100-500 m radius, as indicated by WACS/ 
PACS Belfcore Standard TR-INS- 
001313,1994. For this aim a comprehensive 
wireless/optk^l model is provided to perfomn 
computer simulations. The hypothetical simu- 
lated scenario foresees a centralised Base Sta- 
tion optbally connected to many remote anten- 
nas serving as many microcells. Analog signals 
in the PCS band around 2 GHz (Rx 1850-1910 
MHz ; Tx 1 930-1 990 MHz) cross the fibres. The 
only uplink connection has been studied be- 
cause this connection is the more penalised 
one (BTS antenna collects a larger interierence 
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than the mobile). Channel band of 270 kHz and 
QPSK modulation are assumed. The uplink 
channel includes an AGC which keeps the 
modulation depth of the laser constantly near 
to the optimum. Fast Power Control able to 
counterfeit the Rayleigh fading and the log-nor- 
mal attenuation is introduced in the model. Typ- 
ical penalty of the wireless system, such as: 
Rayieigh fading, cochannei interferences, ad- 
jacent channel interferences, etc., together 
with laser penalty, such as noise and intermod- 
ulation are considered. A mathematical expres- 
sion (5) including laser IMD3 product (coeffi- 
cient bgi has been developed for calculating the 
whole PCS+Laser SIR (Signal to Interference 
Ratio). Coefficient is separately resolved by 
SFDR and the result introduced in the original 
expression (5) in order to evaluate the impact 
of the SFDR on the whole SIR. Plotting are giv- 
en on the PCS availability as function of the 
SFDR parameter of the laser. The conclusion 
is that (due to the statistical uncertainty of the 
wireless losses and interferences) an SFDR 
value in the range 72-83 6B.Hz^^ is acceptable 
and either single-mode DFB or multlmode FP 
semiconductor lasers can be used. Nothing is 
said about the use of VCSELs. Besides, given 
the theoretical nature of the article, the suitabil- 
ity of FP lasers is taken from a paper titied: "In- 
terrelationship of wireless services with optical 
networks", presented by K. Emura at the 
LEOS'95 Conf., Sanf Francisco, CA, October 
1995. 

[0004] DFBs are monomode edge-emitting lasers 
having higher wavelength resolution than the previous 
FPs, so as to overcome the underlined multimode limi- 
tations. A DFB laser is substantially obtained from the 
FP structure by inserting a grating layer into the active 
resonant cavity. The grating layer acts on the light re- 
flection in a way that the final effect is the selection of a 
single wavelength into the active cavity, this means that 
the emitted light is monomode. Due to their inherent 
manufacturing complexity DFB lasers are much more 
expensive than FPs, even of 1000 times, but the In- 
creased costs could be at>sorbed by the suitability to be 
employed with larger WDM spectral allocation. DFB la- 
sers emitting in third optical window coupled to single- 
mode optical fibres are used in long-haul optical rings. 
[0005] Thomson-CSF and Miteq have jointly devel- 
oped a monomode DFB Analogue Mterowave Optteal 
link. High speed photodiode and the E-2000^** optical 
connector system from Diamond is used in the link. The 
relative brochure is titied: "MDD Microwave optical link". 
Many applications are foreseen, i.e.: remoting, timing 
and reference signal distribution, telemetry, measure- 
ment, etc. Various possible modulations are depending 
on the particular applications. 12 GHz bandwidth and 



low noise are available for analogue applications. The 
proposed optical link is very expensive, due to the high 
cost of the DFB laser and strict mechanteal tolerances 
of the Diamond connector, so that massive applications 
5 are discouraged. Besides the manuf actu ring costs, also 
the installation costs have to be considered; in fact the 
operator shall perform in-srte difficult heading and 
checks. 

[0006] Differently from the preceding lasers FP and 

10 DFB, multimode VCSEL lasers are vertk:al-emitting de- 
vices because the light pencil is emitted perpendicularly 
to the substrate through the semiti^ansparent top slab 
electrode of the wafer structure. Top and bottom elec- 
trodes which delimit the active resonant cavity are DBR 

IS (Distributed Bragg Reflector) structures made of a stack 
of altemate mirrors. The light pencil is narrower and 
more circular ttian the preceding FPs and DFBs and the 
coupling to the optical fibres is made easier consequent- 
ly. VCSEL lasers are about a third less expensive than 

20 FPs because, thanks to the emission through the sub- 
strate, they can be tested directiy on the manufacturing 
substrate before cutting. Multimode VCSEL devices 
emit preferentially inside the first optical window (850 
nm). Being the embodiment of the invention in subject 

25 based on VCSEL, the advantages of this technology are 
listed in the following: 

• Circular symmetric far field with a small angle of di- 
vergence, so that the emitted beam can be injected 

30 very simply and efficiently into optical fibres. 

• Potentially low cost, because the technologies used 
for VCSEL are the same as those used for the fab- 
rication of integrated electronic circuits. 

• Low threshold currents and efficiencies of over 
35 50%. 

• No light reflected back towards the laser re-enters 
the resonator, thanks to the DBR (Distributed Bragg 
Reflector) output coupler. As a consequence, they 
show a typical value of Relative Intensity Noise 

40 (RiN) of -125 dB/Hz, which is lower than the typical 
edge-emitter values. 

• MTBF (Mean Time Before Failure) exceeds ten mil- 
lion hours at room temperature and moderate cur- 
rents. 

45 

[0007] The primary area of application of low power 
VCSELs is short-haul gigabit Ethemet in baseband dig- 
ital communication through multimode fibres. In this ar- 
ea they cover near 95% of the applications. The low cost 

so and low power supply requirements of VCSELs make 
them attractive candidates for those applications, such 
as antenna remoting, that require many optical links. 
VCSELs digital optical links are cun-entty used for an- 
tenna remoting, the Applicant SIEMENS is active in this 

55 field. The primary aim of antenna remoting is the reduc- 
tion of RF transmission power losses due to the length 
of the coaxial cable connecting the indoor transmitter to 
the tower antenna. Thanks to the digital optical link, the 
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baseband processors are kept at the base of the tower, 
while the remaining transmitting and receiving parts are 
placed directly on the rear of the antenna. The same 
digital implementation is used in complex smart antenna 
systems which foresee a certain number of SWR (Soft- 
ware Radio) chains (typically 4 or 8) each connected to 
a respective antenna element of a directive array. 
[0008] The suitability of VCSEL analog optical links 
for antenna remoting (limited to the PCS system) is dis- 
cussed in the article titled: "Multimode VCSEL links for 
RF Communication", authors: Harry Lee and Rajeev J. 
Ram, Sponsor U.S. Navy - Office of Naval Research; 
published in RLE Progress Report Numt)er 141, pag. 
160-161. Thanks to the analog optical link the outdoor 
apparatuses can be further simplified. In particular, the 
following elements are shiftable Indoor both D/A and 
Up frequency converter for downlink; for uplink both N 
D and Down frequency converter. In the Harry Lee's ar- 
ticle two Figures are given for representing contours of 
constant SFDR values measured at the end of two op- 
tical links 27 m and 150 m long, as function of both bias 
current and frequency. The shortest link shows an 
SFDR peak of 96 6S.Hz^ (1 Hz BW) nearly constant 
inside a band of 200-300 MHz centred around 3.8 GHz, 
for optimum bias current of 20 mA. The longer 150 m - 
link shows a maximum SFDR of 91 dB.Hz^^ nearly con- 
stant inside a band of 100-200 MHz centred around 2 
GHz, for a bias current greater than 20 mA. 

APPROACH TO THE TECHNICAL PROBLEM 

[0009] A sound technical problem conceming VCSEL 
analog optical links Is that to extend the antenna remot- 
ing to the most popular cellular systems spanning wider 
distances than the ones typical of PCS. To this aim the 
SFDR parameter of the whole link must be investigated. 
A partial teaching in this direction is gh^en in the cited 
article of Harry Lee and Rajeev J. Ram. The highest 
SFDR value of 91 dB.Hz2« measured with 150 m link 
against the needed PCS range of 72-83 dB.Hz^'a makes 
it suitable for PCS. Nevertheless this suitability to build 
up the PCS's fibre infrastructure should be verified at 
the maximal length. The shortest maximal length of a 
PCS optteal fibre connection is at least 500 m and oc- 
curs in correspondence of a centralised base station (as 
shown In fig.1). By a simple extrapolation of the differ- 
ence [SFDR 27 m ~ SFDR ^] measured by Harry Lee 
to the difference [SFDR - SFDR 500 J, the final 
SFDR value of the analog VCSEL optical link should be 
reduced to 71 .6 dB.Hz^'s (whteh is lightly under the min- 
imum PCS value of 72 dB.Hz^^. 
[0010] Longer optk^al links than PCS are needed to 
implement a central fibre infrastmcture inside GSM or 
UMTS clusters. Urban cells with radius greater than 1 
km are usual in GSM and the same should be for UMTS. 
Rural cells, as a rule, have greater radius than urban 
cells. Simulations to set suitable SFDR ranges for GSM 
and UMTS are presently unknown, nonetheless SFDR 



values of 72-83 dB.Hz^'s are largely inadequate in Soft- 
ware Radio applications where programmable wide- 
band transceivers with high linearity are needed. Unfor- 
tunately, when attempting to increase the length of the 

5 analog VCSEL optical link Its SFDR Is reduced much 
more than monomode, also the channel bandwidth is 
reduced. The given explanation is that for longer multi- 
mode links the modal dispersion dominates the link per- 
fomnance and the dynamic range follows the frequency 

10 response of the optk^al fibre, which depends on how the 
mode groups are excited In the fibre, which in Its tum 
depends on the bias current of the VCSEL setting the 
gain suitable for a given fibre length. This complex de- 
pendence introduces large SFDR variations with the 

'5 length of the fibre and also sharp nulls for certain fre- 
quencies, as shown by the comparison of the two Fig- 
ures reported in the article of Harry Lee et ah, were the 
great variation on the shapes of constant SFDR con- 
tours passing from 27 to 150 m link is put in foreground. 

20 The complicated law which the SFDR parameter obeys 
to, makes difficult to match the required quality of the 
VCSEL analog optical link when the fibre lengths are 
involved in the practical cases such as: PCS, GSM, and 
UMTS. This drawback strongly limiting the useful length 

25 . of the VCSEL analog links. In any case the maximum 
measured SFDR of 96 dS relevant to 27 m optical link 
is slightly under the limit of 97 dB required for Cable Tel- 
evision (CATV). 

[001 1 ] Known analog multimode optical links shall In- 

30 elude a minimum number of elements indispensable for 
the optical transmission, I.e.: a RF preamplifier as far as 
possible linear, the laser diode, a matching network be- 
tween the two, a multimode optical fibre, a PIN diode 
followed by a RF amplifier and another matching net- 

35 work between the two. The known designs for the optical 
receiver, which includes the PIN diode and the RF am- 
plifier, are sut>stantialty two: the first Is called high im- 
pedance or integrating front end, the second is called 
transimpedance ampilfien The high impedance ap- 

40 preach provides the means for achieving minimum cir- 
cuit noise. However this approach usually results in re- 
duced dynamk: range and the possible requirements of 
Individually equalised amplifier. The transimpedance 
amplifier approach is finding widespread use because 

^ it: a) Is capable of wide bandwidths, b) provides greater 
dynamic range, and c) has noise performance whk:h 
can approach that of the first approach . Detailed discus- 
sions of these two approaches are found in the litera- 
ture. 

50 [0012] As far as concems VCSELs, many Honeywell 
Applk:atlon Sheets give exhaustive explanations on the 
intrinsic noise and distortions. A relevant parameter of 
VCSEL Is the electro-optrcal conversion gain function P 
(I), where Pis the emitted light power and I is the forward 

55 excitation current through the VCSEL. This function is 
quite linear above a threshold cun^ent l-|^. The slope ef- 
ficiency Ti = AP/Al is strong dependent on the tempera- 
ture. Obviously the linear trend of the slope cannot be 



4 



7 



EP 1 443 687 A1 



8 



maintained Indefinitely and saturation happens sooner 
or later, in such a case distortions like Annptitude Mod- 
ulation to Amplitude Modulation conversion (AM/AM) 
occurs. Variations on the bias current of VCSEL affect 
the intrinsic intemriodal dispersion inside the optical fibre 
(see Harry Lee et al.) deviating the channel character- 
istics from the ideal. In this case AM/PM distortion oc- 
curs. Deviations from the ideal also occur on the detect- 
ed signal by effect of the gain compression of the various 
RF amplifiers at the highest power levels. In such a case 
both AM/AM and Amplitude Modulation to Phase Mod- 
ulation conversion (AM/PM) are possible. Those distor- 
tions are particular relevant in case a final RF power am- 
plifier is used downstream the optical receiver to feed a 
transmitting antenna. In this case the AM/PM distortion 
of the final RF power amplifier gives an additional con- 
tribution to the AM/PM distortion due to the intemiodal 
dispersion inside the optical fibre. Whether said devia- 
tions from the linearity are not adequately counteracted, 
the signal at the end of the optical link is no more a faith- 
ful copy of the input and the overall quality of the link is 
worsen. IVtoreover noise negatively affects the fidelity of 
the optical link and shall be kept as low as possible. The 
high SFDR values requested by some actual standards 
force the designers to minimise the tolerated noise; that 
is a sound design should have care of reducing distor- 
tions together with noise. Another parameter to be con- 
sidered in a sound design is the possible peak-to-aver- 
age power ratio of the input signal, because on the high 
peaks all the active devices might be saturated and in- 
troduce distortions, consequently. It may happen that 
upon the peaks the input preamplifier is not more linear, 
so as the VCSEL and the RF power amplifier, and the 
losses of the optical fibre increase due to a side change 
of the intermodal dispersion. Some countemieasures 
are known to prevent these side effects, i.e.: the imped- 
ance matching between VCSEL and Its driving amplifier; 
the impedance matching between the PIN diode and its 
downstream amplifier; the closed-loop control of the VC- 
SEL bias current; the gain and phase linearisation of the 
RF final power amplifier. 

OBJECTS OF THE INVEr^ION 

[0013] The object of the present invention is that to 
overcome the drawbacks of the prior art and to indicate 
an analogue VCSEL optical link showing acceptable 
SFDR values compatible with the services Involved as 
the length of the fibre increases. 
[0014] A first preferably length being at least 150 m 
to match up to typical lengths of the Intra-building con- 
nections involved in CATV servk^e. This length also ex- 
ceeds the typical lengths suitable to connect Indoor ap- 
paratuses with tower antenna, in particular an antenna 
of a line-of-sight radio relay, either of the point-to-point 
or point-to-multipoint type, or an array of antennas suit- 
able for beannforming. 

[0015] A second preferably length being at least 500 



m to match up to a small-size fibre infrastructure suitable 
for connecting a centralised base station of a pico/hni- 
crocellular system to a pool of remote antennas serving 
as many cells. 

5 [0016] A third preferably length being at least 1 .6 km 
to match up to a fibre infrastructure suitable for connect- 
ing a centralised base station of a second or third gen- 
eration cellular telephone system (GSM or UMTS) to a 
pool of remote antennas serving as many urban/rural 

10 cells. 

[0017] Any other lengths greater than 1 .6 km are pre- 
ferred to match up to wider cells on condition that the 
quality of the optical link is maintained. A channel band- 
width of 5 MHz is desirable with all the above lengths in 
15 order to accommodate at least one UMTS channel 
(WCDMA, UTRAN-TDD-HCR). A channel bandwidth of 
6 MHz Is desirable to accommodate at least one CATV 
channel (as per the U.S. TV Frequency Standards) and 
8 MHz in the European countries. 

20 

SUMMARY AND ADVANTAGES OF THE INVENTION 

[001 8] To achieve said objects, an analog VCSEL op- 
tical link is disclosed in the main claim of the present 

25 application, relatively to a minimal configuration includ- 
ing the following elements: a first RF amplifier receiving 
an analog RF signal and generating a current thereof to 
drive a VCSEL laser coupled to a multimode optical fibre 
of a given length; a first rinatching network between the 

30 VCSEL and the first RF amplifier; a PIN diode followed 
by a second RF amplifier and a second matching net- 
work between the two; an RF signal envelope detector 
generating a control signal for a variable phase shifter 
placed downstream the second RF amplifier to compen- 

35 sate for the AM/PM distortion introduced by the optical 
fibre. In order to further characterise the foregoing com- 
bination: the first RF amplifier is a linear preamplifier; 
thefinst impedance matching network is of the wideband 
type; the second RF amplifier is a low-noise (FET) tran- 

40 simpedance amplifier; and the second impedance 
matching network is designed to minimise the noise fig- 
ure of the transimpedance amplifier. 
[0019] The compensation of the optical dispersion 
driven by the amplitude envelope is surprising indeed 

45 for the following reasons: a) the Intermodal dispersion 
is an unintentional optical effect, and b) the complex re- 
lation existing between the amplitude envelope and the 
AM/PM distortion inside an optical fibre is yet not com- 
pletely cleared up. Furthermore, the PIN diode and the 

50 transimpedance amplifier with the Interposed circuitry, 
is a new approach in designing optical receiver having 
the advantage of minimum noise of the high impedance 
approach together with greater dynamk: range and wide 
bandwidth of the transimpedance amp/^er approach. 

55 [0020] The minimum configuration of the optical link 
is characterised by low amplifications, nonetheless per- 
fomnances obtained with short links are comparable to 
the performances of optical links based on very expen- 
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srve lasers and monomode optical fibres. As an imme- 
diate consequence, the proposed analog VCSEL optical 
link is the cheapest solution for intra-building connec- 
tions in CATV applications. Besides, it allows significant 
cost saving in those base stations where large optical 
link deployment is needed, such as the ones using smart 
antennas for reception beamfomning. 
[0021 ] A first alternative embodiment of the invention 
includes a third RF amplifier placed immediately before 
the variable phase shifter The two RF amplifiers placed 
in tandem downstream the PIN diode provide additional 
amplifrcation to allow further applications of the inven- 
tion, such as to build-up a fibre infrastmcture between 
a centralised Base Station of a cellular telephone sys- 
tem and a pool of remote antennas used for downlink 
transmissions. In this case the third RF amplifier is a 
final power amplifier connected to a transmitting anten- 
na, and the variable phase shifter also compensates for 
the AM/PM distortion introduced by the RF power am- 
plifier on the power peaks. 

[0022] A second alternative embodiment of the inven- 
tion, depending on the first one, includes a gain lineari- 
sation network designed to compensate for the AM/AM 
distortion of the final RF power amplifier on the power 
peaks of RF modulated signals characterised by high 
peak-to-average power ratios. 

[0023] A third aitem&tive embodiment of the inven- 
tion, independent of the preceding two, includes a gain 
linearisation network designed to compensate for the 
AM/AM distortion of the first RF power amplifier due to 
the following combination: a) the high amplification 
which is needed to drive the VCSEL adequately for the 
longest optical links; b) the presence of RF modulated 
signals characterised by high peak-to-average power 
ratios. 

[0024] The combined teach ing of the invention and its 
altematives allows to improve noticeably the SFDR of 
the analog VCSEL optical links, making possible to pro- 
long their length well beyond the indk:ated distance of 
150 m, consequently. Furthenmore, a great variety of RF 
analog signals can be transmitted/received through the 
link of the invention, for example, spacing from a pure 
sinusoid to modulated signals having a bandpass spec- 
trum up to 100 MHz bandwidth, freely allocable into a 
wide frequency range spanning from about 200 MHz up 
to the highest microwave frequencies of VCSEL (few 
GHz). There are not limitations on the type of modula- 
tions, i.e.: AM, FM, PM, GMSK, CPM, N-PSK, N-QAM, 
etc. Single carrier or multbanier modulated signals are 
transmissible through the said optical link arranged for 
point-to-point or point-to-muttipoint communications. It 
can be appreciated that in case of multicanier transmis- 
sions with variable number of carriers and/or high-index 
QAM modulations, the present invention is able to op- 
erate in presence of great peak-to-average power ra- 
tios. 

[0025] Because of good performances are held when 
the fibre length increases other than 1 kilometre, a pre- 



fenred embodiment of the invention surely includes the 
first alternative embodiment, but most advantageously 
might include either the second or the third alternative 
embodiment, or both, without limitation to the type of cel- 
5 lular system of the second (GSM) or third generation 
(UMTS). 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 [0026] The features of the present invention which are 
considered to be novel are set forth with particularity in 
the appended claims. The invention, together with fur- 
ther objects and advantages thereof, may be under- 
stood with reference to the following detailed description 

^5 of an embodiment thereof taken in conjunction with the 
accompanying drawings given for purely non-limiting 
explanatory purposes and wherein: 

- fig.1 shows a cellular system architecture based on 
20 a centralised base station connected by means of 

couples of optical fibres (one fibre for each direction 
of transnnission) to as many remote antennas locat- 
ed inside respective cells/microcells; the optical 
links includingtheteaching of the present invention; 
25 - fig. 2 shows a CATV system whose intra-building 
optical links include the teaching of the present \a- 
vention. 

f ig.3 shows the transmitter and receiver parts at the 
two sides of a couple of optical fibres of fig.1 ; 
30 - f ig.4 shows the transmitter and receiver parts of the 
preceding Figure implemented in accordance with 
the present invention; 

fig.5 shows a generic Devtee Under Test (DLTT) 
tested for its 3rd order Intemiodulation Distortion 
35 (1MD3); 

Figures 6 and 7 schematise IMD3 distortion and 
IPS concept, respectively; 

- fig.8 shows the DUT of fig.5 including a VCSEL op- 
tical link of the known art; 

40 - Figures 9a and 9b show two plots of the gain vs. 
frequency measured for the DUT optical link of fig. 
8, with 500 m and 1 .6 k m fibre lengths, respectively; 
Figures 10 and 11 show circuital details of two net- 
works LASINT and PHOTINT belonging to the op- 
45 tical links of fig.4; 

Figures 12a and 12b show a plot of the gain vs. 
frequency relevant to the DUT of fig.8 upgraded 
with the two networks LASINT and PHOTINT of fig. 
10 and fig.11 with 500 m fibre length; 
50 - Figures 1 3a and 13b are similar to Figures 1 2a and 
12b with 1 .6 k m fibre length; 
flg.14 shows circuital detail of a matching network 
PHC intemal to optical links of fig.4; 
Figures 15a and 15b show a CDMA output spee- 
ds trum and the corresponding ACPR interference rel- 
evant to the DUT of fig.8 upgraded with the three 
networics LASIlsfT, PHOTINT and PHC of Figures 
10, 11 and 14, for 500 m fibre length; and 
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Figures 1 6a and 1 6b are eq uivalent to Figu res 1 5a 
and 1 5b with 1 .6 k m fibre length. 

DETAILED DESCRIPTION OF AN EMBODIMENT OF 
THE INVENTION 

[0027] With reference to flg.1 a Base Station BS is 
visible at the centre of a cluster including cells and/or 
mtcrocells belonging to a cellular telephone system. A 
remote antenna is installed on a build placed at the cen- 
tre of each cell of the cluster. Remote antennas and the 
centralised base station are connected to each other by 
means of couples of multimode optical fibres, one fibre 
for each direction of transmission in case of FDD du- 
plexing (only 1 fibre for TDD half-duplex). Convention- 
ally, the transmission from the base station BS to a re- 
mote antenna is said downlink (or direct link), while the 
opposite direction is said uplink (or reverse link). More 
hand-held mobile phones, either Mobile Station MS or 
User Equipment UE, are connected via-radio with the 
resp&tive remote antenna of the serving cell. The cen- 
tralised base station is connected to a Base Station Con- 
troller (BSC), the latter is connected to other base sta- 
tions, to a Public Switch Telephony Network (PSTN), 
and to an Internet Network IP. The depicted cluster 
might belong to any of the most popular cellular sys- 
tems, for exampje: GSM-GPRS 880r950 MHz; 
DCS-GPRS 1710-1880 MHz; PCS 1850-1910 MHz; 
and the following UMTS standards located in the prox- 
imity of. 2 GHz: UTRA-FDD 3.84 Mcps; 
UTRA-TDD-HCR 3.84 Mcps; UTRA-TDD-LCR: 1.28 
Mcps; TD-SCDMA 1 .28 Mcps; etc.). Considering a Root 
Raised Cosine (RRC) filter response with a roll-off 
0^0.22 and a bandwidth equal to the chip rate, it results 
a channel spacing of 5 MHz for 3.84 Mcps chip rate, and 
1 .6 MHz for 1 .28 Mcps. Depending on the system rep- 
resented In fig.1 , cells from 100 m up to 1 .6 km radius, 
and more, are possible. Each singular optical fibre of the 
infrastructure represented in fig.1 is crossed by an op- 
X\ca\ signal which optically reproduces an analog radiof- 
requency signal either to be transmitted by, or received 
at, the relevant antenna. Type of modulation, code, and 
burst fomnat of the optical signal are the ones as spec- 
ified at the on-air interface of the represented system; 
for example: the GSM Um Interface, the UMTS Uu in- 
terface., etc. The interface between base station BS and 
base station controller BSC is the one as specified by 
the relevant standard. The base station controller BSC 
is connected to the PSTN and IP networks through the 
A interface. The configuration with the base station BS 
at the centre of the cluster is the one having the highest 
symmetry and the minimum length of the maximal fibre 
haul. It can be appreciate that the centralised architec- 
ture save a lot of base stations together with the respec- 
tive tower antennas. The fibre infrastructure allows each 
subscriber station MS/UE to communk:ate with the cen- 
tralised base station BS either in originating or terminat- 
ing calls. Base station controller BSC routes calls origi- 



nated inside a cluster relevant to a centralised base sta- 
tion BS either towards other centralised base stations 
BS or the PSTN / IP networic, and towards the relevant 
base station BS calls to be tenninated inside the relative 
5 cluster. 

[0028] A variant of the cluster of fig.1 (not shown for 
simplicity) is referred to a smart antenna system includ- 
ing a fibre infrastructure similar to the one visible in fig. 
1 , except for one or more cells Including an M-elements 

10 antenna array each connected to the base station BS 
by means of 2M analog RF optical links, in case of FDD 
duplexing. As known, an antenna array togetherwith the 
connected optical receivers and transmitters allow to 
perfonm beanrrfonning, either 380** ortri-sectorial, for the 

IS aim of interference reduction and spectral efficiency in- 
creasing. 

[0029] Fig.2 shows a CATV system using optteal fi- 
bres for intra-building and extra-building connections; 
With reference to the Figure, a CATV centre includes a 

20 ANALOG MUX (video server) which connect^n analog 
film archive (tapes or cassettes) to a plurality of optical 
transmitters TRXs. Analog signals at the outputs of TRX 
transmitters are conveyed on an analog optical cable 
FB directed towards a building in the neighbouring. A 

25 computer PC is connected to the video server for sched- 
uling the pay-per-view and/or subscription services, and 
to a modem MD for collecting the service requests from 
subscribers. A standard telephone-set is further con- 
nected to a twisted pair TP for the same aim. The optical 

30 cable FB reaches a signal distributor DIST from which 
singular multimode optbal fibres depart towards respec- 
tive flats. Inside each flat the incoming fibre is directed 
to an analog set-top box STB connected to a TV screen. 
In a large area there are buildings quite far to the CATV 

35 centre, this prevents the use of a multimode optical ca- 
ble FB because of the excessh^e losses. A monomode 
FB cable is profitably used to transmit an FDM optical 
signal carrying many analog TV channels. At the other 
end of the FB optical cable a regeneration of the optical 

^ signal inside the distributor DIST could be preferable for 
many reasons. For this purpose the signal distributor 
DIST includes an optbal receiver for each optk^l fibre 
of the optical cable FB, and as many analog optical 
transmitters as the departing fibres towards the set-top 

45 boxes STB on the flats. Each set-top box STB includes 
an analog optk^al receiver. Regeneration also implies 
optical-electrical-optical conversion. After optical-to- 
electrical conversion the various RF signals are ampli- 
fied, if that is the case frequency translated, and routed 

50 to the various optfeal transmitters. VCSEL lasers and 
multimode optical fibres are prefenred for electrical-to- 
optical conversion and intra-building optical distribution, 
due to their low cost and the small distances (lower than 
150 m). Optk^al transmitters and receivers at the two 

55 ends of each local link are similar to the ones that will 
be disclosed successively. 

[0030] With reference to fig.3 the Base Station BS in- 
cludes the following elements: as nnany analog optical 
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transmitters BSOTX as the departing muttimode fibres 
DL towards the remote antennas, as many optical re- 
ceivers BSORX as the incoming muttimode fibres UL 
from the remote antennas, a baseband processor, and 
a Remote antenna controiler. The baseband processor 
is connected to alt the transmitters BSOTX and the re- 
ceivers BSORX, and also to the Remote antenna con- 
trotter which in this parttcutar embodiment takes the 
place of the base station controtter BSC of fig.1. The 
remote antenna includes: one optical receiver RAORX, 
one optical transmitter RAOTX, a duplexer fitter and the 
external antenna. A circulator replaces dupiexer fitter in 
TDD systems. 

[0031] Fig.4 shows BSOTX, BSORX, RAORX, RA- 
OTX apparatuses with a first level of detail. The two 
BSOTX and RAORX blocks connected at the two ends 
of the muttimode fibre DL include the optical link object 
of the present invention; the link is used to feed the 
transmitting antenna with the RF signal. In the opposite 
direction the RAOTX and BSORX blocks connected at 
the two ends of the multimode fibre UL include the same 
optrcal link used for transferring the uplink signal re- 
ceived at the antenna towards the base station BS. 
While the two optical links are near the same, the two 
transmitters BSOTX and RAOTX are different to each 
other, so as the two receivers RAORX and BSORX. The 
transmitter BSOTX includes the following cascaded el- 
ements: a baseband transmission processor TX PROG 
belonging to the BASEBAND PROCESSOR of flg.3, a 
modulator MOD, a D/A converter (not shown for brevity), 
a frequency up-converter UPC, a linear RF amplifier 
RFA, an impedance matching network LASINT, and a 
muttimode VCSEL laser. In operation, the processor TX 
PROC perfomns typical baseband operations on the in- 
coming routed signal In order to provide 1-Q digital sig- 
nals to the modulator MOD. The modulated signal is dig- 
ital-to-analog and I F converted, and forwarded to the up- 
converter UPC which also receives a local oscillator sig- 
nal LO and generates the analog RF signal in the as- 
signed channel band. The RF signal is amplified by the 
RF amplifier RFA and forwarded to the impedance 
matching network LASINT which provides optimal inter- 
facing with the electrical input of a muttimode VCSEL 
laser. The latter converts the modulated RF signal di- 
rectly in an optically modulated light beam feeding the 
muttimode fibre DL. 

[0032] The receiver RAORX includes the following 
cascaded elements: a diode PIN (photodetectpr), a net- 
work PHOTINT, an RF power amplifier PWA. and a 
phase distortion compensation network PHC. In opera- 
tion, the PIN diode is optically coupled to the fibre DL 
for converting into electrical the modulated optical sig- 
nal. The converted signal is again the modulated RF sig- 
nal at the input of VCSEL, plus noise and interferences, 
and the intermodulation distortion generated inside the 
laser, plus the overall effect of the intennodal coupling 
along the optical fibre DL. The resulting RF signal is for- 
warded to the network PHOTINT whteh provides optimal 



detection and pre-amptifk:ation at the output of PIN di- 
ode. The RF signal at the output of PHOTINT is forward- 
ed to the input of the RF power amplifier PWA. The am- 
plified RF signal at the output of PWA is forwarded to 

5 the phase distortion compensation networic PHC, which 
attempts to cancel the AM/PM distortion before irradiat- 
ing the RF signal. Additional Improvement of the optical 
link performances can be achieved by introducing a gain 
linearisation network. 

10 [0033] The transmitter RAOTX includes the following 
cascaded elements: a low noise amplifier LNA, a match- 
ing network LSINT and a VCSEL laser. These blocks 
operate as the corresponding blocks RFA, LSINT and 
VCSEL included in the transmitter BSOTX. 

15 [0034] The receiver BSORX includes the following 
cascaded elements: a photodetector diode PIN, a net- 
work PHOTINT, an RF power amplifier RFA, a phase 
distortion compensation network PHC, a downlink fre- 
quency converter DWC, an A/D converter (not shown 

20 for brevity), a demodulator DEM, and a baseband re- 
ception processor RX PROC belonging to the BASE- 
BAND PROCESSOR of fig.3. In operation, the first :four 
blocks operate as the equivalent blocks included in the 
receiver RAORX, except for lower amplification per- 

25 formed by RFAnn respect of PWA. The mixer DWC re- 
ceives both the RF and the local oscillator signal LO (LO 
is unique for TDD) and converts the RF signal to IF. The 
IF signal is down converted and demodulated, and the 
baseband signal is fonvarded to the block RX-PROC. 

30 The latter perfomns typical baseband operations recip- 
rocal to the ones performed by the block TX-PROC, ob- 

0 taining a baseband digital signal to be routed towards 
the final destination. 

[0035] Given the substantial equivalence of the two 

35 optical links used for uplink and downlink, an uniform 
denomination of the amplifiers is used; precisely: RFA 
and LNA are named A1 while PWA and RFA are named 
A2. The uniform denomination allows to study the two 
optical links as an unique two-port DUT (Devrce Under 

40 Test) like the one visible in the Figures 5 and 8. 

[0036] With reference to flg^ the DUT is considered 
as a generic two-port network affected by noise and 
non-linearities. At the input the themnal noise (-174 
dBm/Hz at 290** K) is always present. The DUT is char- 

^ acterised by Gain G [dB], phase offset C>{rad/degrees] 
between input and output signal. Noise Figure NF [dB], 
and SFDR [dB.HzZ^]. At the input of the DUT a signal 
x(t) is present which is supposed to be narrowband 
around a frequency fc, so that it can be represented by 

50 means of its baseband complex envelope: 

x(0 = /t(0^*'* (1) 

^ where A(0 and (^(Q are the amplitude and the phase of 
signal x(f), respectively. At the output of the DUT, sup- 
posed to be bandpass and memoryless, a signal y(0 is 
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present, whose baseband complex envelope is: 

yW=Gm/*^^^^-^'l (2) 

The two functions G{A{(j) and C>(^(f)) denote the overall 
AM/AM distortion of the gain function G and the overall 
AM/PM distortion of the phase function O, respectively. 
Expression (2) shows that both gain G and phase O are 
depending on the annplitude A{t) of the input signal 
Especially with M-QAM modulation characterised by 
high-M and in presence of multicarrier modulated sig- 
nals with a variable number of cam'ers, the amplitude A 
(Q is subjected to high peak-versus-medium values; in 
these circumstances both AM/AM and AM/PM distor- 
tions might be considerable and the relevant side effects 
shall be counterfeited. Functions G(A(()) and 0(^(0) can 
be approximated by their points experimentally deter- 
mined by means of a test signal x{/)- Once the two dis- 
tortion curves have been approximated, some compen- 
sating networks are synthesised. To meet this goat, in 
accordance with the teaching of the invention the enve- 
lope of y(/) is detected by the relevant ilnearisation/com- 
pensation networks used in the optical link. An alterna- 
tive way to detemnine the AM/AM and AM/PM curves is 
that of developing y{f) Into a limited power series and 
equating G and O to the elements of the series. DUT of 
fig .5 is submitted to the classical two-tone test just for 
measuring the relevant 3rd order Intermodulation Dis- 
tortion (IMD3). In this case the test signal x(Oatthe input 
of DUT is the summation of two sinusoidal tones of equal 
level and frequency F1 and F2, closely spaced to each 
other, whose frequency offset depends on the channel 
bandwidth of the effective signal. 
[0037] With reference to fig.6 at the output of the non 
perfectly linear DUT of fig .5 the following elements will 
be present: 

• two signals at frequency F1 and F2, and equal level 
PI = P2 in correspondence of the two tones; 

• third order intemiodulation products PS and P4, of 
equal level, at frequency F3 = (2F1-F2) and F4 = 
(2F2-F1 ); frequencies F1 and F2 can be selected In 
a way that frequencies F3 and F4fail in the channel 
band; 

• the noise N [dBm/Hz] - -1 74 + G + NR 

[0038] The spectrum visible in fig.6 suggests that 
among all the spurious tones generated by a non per- 
fectly linear device crossed by a bandpass signal, there 
are someone very closely spaced to the original tones 
whk^h represent potential adjacent channel spurious 
signals. Designers shall have a measure of the grade of 
linearity of the used electronic devices in order to eval- 
uate the Interference spectrum, therefore relevant pa- 
rameters such as SFDR and Intercept Point (usually 3rd 
order IP3) have been Introduced. In fig.6 the SFDR 



(Spurious Free Dynamk: Range) evaluated at the output 
of the DUT is P [dB] = P1 -P3 in con^espondence of whfch 
P3 = N (noise). Being P3 a power level [dBm] while N 
is a spectral density [dBnn/Hz], rt be understood that N 
is measured Into 1 Hz bandwidth. 
[0039] The concept of Intercept Point (tP) depicted in 
fig. 7 was introduced some years ago and has become 
a useful and popular specification for comparing the 
quality of various non-linear electronic components. The 
intercept point is the theoretical level at which on a plot 
of output vs. input power levels, the two-tone distortion 
products transfer curve intersects the single tone trans- 
fer curve. Intercept is based on an extrapolation from 
measures at low power and assumes ideal slopes for 
the output tone level dependencies. The ideal slopes of 
the two-tone signal is three time the slope of the single 
tone (3 dB against 1 dB increase in a logarithmic repre- 
sentation). The following expression is valid for 3rd or- 
der Intercept Point (IP3in) evaluated at the input of the 
DUT IP3in [dBm] - P1 + P/2 - G. Lpt D [dBm] - IPSin - 
NF be the Dynamic Range Number, the following rela- 
tion is true: SFDR = (2/3) x (174 + D). The two param- 
eters IPSin and SFDR are indicated in the abscissa. 
[0040] Fig.8 shows a simplified embodiment of the- 
DUT of fig. 5 for an analog VCSEL optical link. This link 
includes two amplifiers A1 and/V2, otherthan the optical 
VCSEL and PIN devices and the multlmode optical fibre. 
The aim of this DUT is that to provide a reliable compar- 
ison for the performances of the invention. According to 
this aim the VCSEL, the multimode optical fibre, and PIN 
diode are the same used by the invention. The used VC- 
SEL and PIN diode are commercial low cost devices, i. 
e.: Honeywhell VCSEL HFE419X-521 and Honeywhell 
PIN H FD31 80-1 02. Three insertion points a, b, c are in- 
dk^ted by arrows along the link in correspondence of 
successive insertions of the networks LASIfiT, 
PHOTINT and PHC indteated in fig.4. Each insertion 
point represents a gradual innprovement of the optical 
link obtained by the Introduction of a corresponding net- 
work, in accordance with the present invention. The em- 
bodiment of fig.8 should be further simplified to conskler 
the minimal configuration of the link; in this case the am- 
plifier A2 is the one included In the network PHOTIfslT. 
Test tones PI and P2 are spaced 10 MHz apart around 
a central frequency taken for mere convenience at 1685 
MHz. In such a case it results: F1 = 1680 MHz, F2 = 
1690 MHz, F3 = 1670 MHz, and F4 = 1700 MHz. The 
power at point b (fig.8) is notrceably lower than the pow- 
er transmitted at point a because of the insertion losses 
of the multimode optical fibre. A fundamental parameter 
of the invention in subject is the maximum length of the 
optical fibre. This length is determined from the criterion 
that the signal power reaching the receiver (PI N plus A2) 
must exceed the receiver sensitivity. That is: ' 

F^-L(W>P„ (3) 
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where: 

Pj is the end-of-life transmitter power (in dBm) 
which can be injected into the fibre; 
Pfj is the worst-case receiver sensitivity (In dBm), 
including the side effects associated with the dis- 
persive properties of the medium (i.e. Intersymbol 
Interference (ISI)), and 

L(1) is the insertion loss in dS of an optical fibre of 
length 1, As far asL(1) '\s concerned, two losses are 
to be distinguished: a first one is the tight attenua- 
tion, typically 1 dB/km, the second one is the atten- 
uation of the RF signal which modulates the tight. 
This second toss is considerably greater than the 
first afthough the reason is not presently well under- 
stood; In our case this loss is near 5 dB with 500 m 
fibre. 

[0041 ] Expression (3) is useful to set a rough value of 
the nominal excitation current of VCSEL, taking In due 
consideration the threshold current Ijh and the peak-to- 
avcrage power ratio of the RF signal. Due to the uncer- 
tainty of the insertion loss L(1) the rough value shall be. 
experimentally corrected. 

[0042] The following Figures 9a and 9b show two 
plots of the gain G vs. frequency measured for the VC- 
SEL optical link of fig .8 with 500 m and 1 .6 km optical 
fibres, respectively. Only a limited frequency range Is re- 
ported, for brevity. The two plots show flat gain in the 
depicted frequency range; the flat characteristte is held 
well outside the visible range. The measured value of 
the input dynamic range D with 500 m fibre is -43.5 dBm, 
corresponding to an SFDR of 87 dB.Hz2'3. With 1 .6 km 
fibre the values becomes D ~ -57 dBm, con-esponding 
to an SFDR of 78 dB.Hz^/^. The central frequency of the 
two-tones is moved from 200 MHz to 2.5 Gl-tz without 
appreciable variations of the indicated values. 
[0043] Flg.10 shows the network UVSINT of fig.4 to 
be inserted in the optk:al link at point a of f ig.8. The net- 
work includes a discrete decoupling capacitor CI of 2.2 
pF serially connected to a transmission line LI . The two 
ends of the series of CI and LI correspond to the input 
and the output of the LAStNT network. Extemally to 
l-ASINTthe VCSEL laser is serially connected to a putt- 
up resistance R1 towards the polarisation voltage -VL. 
Resistance R1 is dimensioned to drive the VCSEL op- 
timally. Line LI Is a microstrip on FR4 dielectric sub- 
strate (8r = 4.7) 0.3 mm thick, dimensioned to match, 
together with capacitor CI , the input impedance of VC- 
SEL to the output impedance of the amplifier A1 (fig. 8) 
and avoiding reflections. Dimensions of tine LI are the 
following: width w = 0.2 mm, length 1 = 12 mm. The di- 
mensions of mbrostrip LI and the value of CI are cal- 
culated to maintain nearly constant the gain of the opti- 
cal link over a band wider than the band of the R F signal. 
Besides, the dimensions of L1 and the value of CI shall 
be modified to matching with the various allocation of 
the RF channel inside the overall frequency range of the 



VCSEL. Introducing the matching networic LASINT the 
measured value of the input dynamic range D with 500 
m fibre is -39 dBm, con-esponding to an SFDR of 90 dB. 
Hz^. With 1.6 km fibre the values becomes D = -54 
5 dBm, con-esponding to an SFDR of 80 dB.Hz^o. 

[0044] Fig.11 shows the network PHOTINTTof fig.4to 
be inserted in the optical link at point b of fig.8. This net- 
work includes a decoupling capacitor C2 of 2.2 pF seri- 
ally connected to a transmission line L2, in tum connect- 
10 ed to the gate of a low-noise FET T1 , for example Mit- 
subishi MG F1 908B with flat gain over than 1 5 GHz. The 
series of C2 and L2 constitutes an impedance matching 
networt<oftheFETT1 input impedance to the PINdiode 
output impedance. A resistance R3 connects the drain 
of T1 to the polarisation voltage +VD, while the source 
is grounded. The gate of T1 is negatively polarised by 
-V. Extemally to PHOTINT the anode of PIN diode is 
pulled-up to the inverse polarisation voltage -VP by 
means of a resistance R2, serially connected to the PIN 
diode at the Input of the network connected with the ca- 
pacitor C2. Resistance R2 is dimensioned to set the in- 
verse current- of the PIN diode. An external capacitor 03 
couples the signal at the output of T1 to the input of the 
amplifier A2 (fig.8). Transmission line L2 is a microstrip 
on a FR4 substrate 0.3 mm thick (e^ - 4.7) dimensioned 
to match, together with capacitor C2, the input imped- 
ance of FETT1 to the output impedance of the PIN diode 
for avoiding signal reflections and minimising the Noise 
Figure of FET T1 in the meanwhile. Due to this con- 
straint the gain G is not more flat as in fig. 9a but weakly 
selective around the midband frequency (1 .685 GHz). 
The microstrip U2 is 0.2 mm wide and 16 mm long, cor- 
responding to 15 nH inductance at 1.685 GHz. Dimen- 
sions of L2 microstrip and the value of C2 match the 
various allocation of the RF channel inside the overall 
frequency range of laser VCSEL. The Low-noise FET 
T1 operates as a transimpedance amplifier in common 
source configuration which ideally supplies an output 
voltage V^ in proportion to the signal current I3 through 
the PIN diode, independently of the source resistance 
Rg and the external load resistance Rl- The source re- 
sistance R3 is the resistance of the PIN diode in a Nor- 
ton's equivalent of the input circuit of FET T1 , while the 
external load resistance R^ is the input resistance of the 
RF amplifier A2 (fig.8) in a Thevenin's equivalent of the 
output circuit of FETT1 . Considered the importance the 
Noise Figure assumes in the design of the networic 
PHOTINT, some useful notions on this argument are 
given in the following. A sound definition of the Noise 
Figure n^can be done in terms of Signal-to-Noise ratio 
(S/N) degradation produced by a 2-port network (the 
networic PHOTINT). To say, the ratio of the available S/ 
N power-ratio at the input of the 2-port networic to the 
available S/N power-ratio at the output, when the tem- 
perature of the input noise source is 290'' K. This is ex- 
pressed as: 



20 



25 



30 



35 



40 



45 



50 



10 



19 



EP1 443 687A1 



20 



PjPno PsJPno 



(4) 



where: 



p^= the available signal power at the input; 

= the available signal power at the output; 
p„/= the available noise power at the input In a small 
band df{\ Hz). Since the temperature is standard: 
p^^= kT^ df, where is the Boltzmann's constant 

(1.3805 X 10'^joule^); 

Pno = available noise power at the output in a 
small band df(1 Hz), 

Using the definrtion gjf) - p^o^ Psh where. Paf^J is the 
available gain of the 2-port network with the driving- 
source noise voltage and the intemal noise uncorrelat- 
ed, the expression (4) is equivalent to: 



^ 9(f)kT^df 
The average noise figure is: 



(5) 



Pnt 



(6) 



where p^, is the total available noise power at the output, 
is the available midband gain, and By^ is the noise 
bandwidth including the RF channel band. The smaller 
the Noise Figure, the better is the sensitivity of the net- 
work to discriminate very low input signals from noise. 
Expression (6) shows that the noise figure could be ef- 
fectively minimised by introducing some restrictions on 
the bandwidth 8^ and the gain The pure reactive im- 
pedance matching network L2, C2 at the input of 
PHOTINT doesnt introduce noise terms into the (5) and 
(6), thus is suitable for minimising the noise figure np. 
Joined n^minimisation and impedance matching can be 
perfomied either experimentally or by using known 
mathematical algorithnns. Once minimisation is com- 
plete both the Op and the impedance function Z2(f, L2, 
C2) is known. In such a case Z2(t i^, 02) can be syn- 
thesised with known methods giving the above indicated 
values of L2 and C2. 

[0045] The successive Figures 1 2a, 1 2b and 1 3a, 1 3b 
show as many plots of the gain vs. frequency of the OUT 
of fig. 8 upgraded with the two networks LASINT and 
PHOTINT for two fibre lengths. It can be appreciated 
that gain versus frequency is similar to a slowly decreas- 
ing bandpass function much wider than the 8 MHz chan- 
nel spacing of CATV. 



[0046] Flg.12a shows the gain vs. frequency meas- 
ured on 500 m optical link, while flg.12b shows the en- 
larged central part of the preceding plot in a band of 
about 100 MHz. It can be appreciate that the gain ts 
5 nearly flat inside the 5 MHz channel band. The meas- 
ured value of the input dynamic range D with a 500 m 
fibre is -33 dBm, con'esponding to an SFDR of 94 dB. 
Hz2^. 

[0047] Flg.13a shows the gain vs. frequency meas- 
10 ured on 1 .6 km optical link, while fig.13b shows the en- 
larged central part of the preceding plot in a band of 
about 100 MHz. It can be appreciate that the gain is 
nearly flat inside the 5 MHz channel band. The meas- 
ured value of the input dynamic range D with 1 .6 km 
15 fibre is -49.5 dBm, corresponding to an SFDR of 83 dB. 
Hz2«. 

[0048] FIg.14 schematises the network PHC of fig.4 
to be inserted in the optical link at point c of fig.8. This 
network includes an envelope detector ENVDET and a 

20 variable phase shifter VARAC. The envelope detector 
ENVDET includes a half-wave rectifier reproducing the 
envelope of the modulated RF signal present at the out- 
put of thepower amplifier A2 {fig.8). The rectified voltage 
is used as a control signal of the variable phase shifter 

25 VARAC. In a non-limiting embodiment a varactor diode 
(inversely polarised) is used as a voltage-controlled 
phase shifter. For a certain extent of the control signal 
level the inverse capacity of the varactor is a linear func- 
tion of the control signal, so as the phase offset intro- 

30 duced into the RF output signal. The sign of phase shift 
introduced by the network PHC being opposite to the 
AM/PM phase distortion in correspondence of the re- 
vealed envelope, this takes care of all the AM/PM dis- 
tortions along the optical link. 

35 [0049] Flg.15a shows (solid line) the frequency spec- 
trum of a WCDMA signal (translated at 1.680 GHz for 
convenience) at the end of 500 m optk:al link of fig.8 
completed with LASINT, PHOTIfsTT, and PHC networks. 
The measured value of the input dynamic range D with 

^ a 500 m fibre is -27 dBm, conresponding to an SFDR of 
98 dS.Hz^'s. On the same Rgure the spectrum without 
compensation of the phase distortion (dashed line) is 
superimposed to the preceding spectrum for compari- 
son. It can be appreciate the lowering of the out of band 

^ interferences achieved by the phase distortion compen- 
sation network PHC. The interference power inside ad- 
jacent channels is reduced consequently. Fig.15b is 
similar to fig. 1 5a but is referred to the comparison of the 
canonteal AC PR (Adjacent Channel Power Ratio) 

50 measure perfomned on the RRC filter bandwidth (5 
MHz). 

[0O5O] Figures 16a and 16b are similar to the Figures 
1 5a and 1 5b but with 1 .6 km fibre. The measured value 
of the input dynamk: range D with 1.6 km fibre is -45 
55 dBm, con-esponding to an SFDR of 86 dB.Hz^. 

[0051] Additional increasing of the SFDR is possible 
by the introduction of one or two gain linearisation net- 
works in appropriate points of the optical links. A suitable 
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lineariser is the one disclosed in the European patent 
EP 0451909-B1 (corespondingto US 5,138,275) titled: 
"Predistortion lineariser for microwave power amplifi- 
ers", Inventors Carlo Buolietal., in the name of the same 
Assignee (SIEMENS) of the present invention, and in- 5 
corporated by reference. An independent claim (US) re- 
cites: A final microwave power amplifier having compen- 
sation for gain compression and phase distortion there- 
of, comprising: 

10 

a transistor amplifier; 

subpolarisation biasing means connected to an in- 
put of said transistor amplifier for providing gain ex- 
pansion with increase in power of the signal at the 
input of the transistor amplifier by setting a subpo- is 
larisatlon operating point thereof; and 
phase shifter means controlled by a continuous 
component of voltage present at an output of said 
amplifier transistor for introducing a phase distor- 
tion for offsetting the phase distortion of said final 20 
power amplifier. 

[0052] This known sotution is highly profitable be- 
cause makes use of a unique common source GaAsFET 
transistor polarised near pinch-off to act both as a final 25 
RF power amplifier with gain expansion for recovering 
amplitude distortion and command signal generator for 
a varactor used for offsetting the phase distortion of the 
power amplifier. A solution with the lineariser (both FET 
and varactor) placed upstream a separate power ampi i- 30 
tier is also claimed in the mentioned patent. The pecu- 
liarity of this "predistortion lineariser" is that the two type 
of distortions AM/AM and AM/PM are compensated to- 
gether, so that a disjoint variable phase shifter equiva- 
lent to the PHC network (fig. 14) is not achievable, and 
the sole compensation of the AM/PM distortion impos- 
sible. The contrary is not completely true and the sole 
AM/AM distortion can be compensated by omitting the 
varactor circuitry. There are not indteations in the disclo- 
sure of the cited patent about a possible use of the "pre- 
distortion lineariser" to build-up an analog optical link. 
This known lineariser appositely thought for a mk;ro- 
wave power amplifier is now forced to further compen- 
sate for the AM/PM distortion due to the intermodal dis- 
persion Inside the opttoal fibre. With reference to fig.8 
the following are possible use of the known "predistor- 
tion lineariser": 

a first simplest and low cost embodiment, particu- 
lariy indk^ted for low amplifications and short fibre 
lengths, is that to use the predistortion lineariser in 
place of FET T1 (fig.1 1 ) and do not use the Eunplif ier 
A2. 

A second embodiment, coinciding with the second 
variant, of the invention is that to use the predistor- 
tion lineariser in place of the amplifier A2 and the 
compensating networtc PHC. 
A third embodiment, coinciding with the third vari- 



ant, is that to replace the amplifier A1 with the said 
lineariser deprived of the varactor. 



Claims 

1. Analog optical link including the following elements: 

a first RF amplifier (A1) of an analog bandpass 
RF signal; 

a first impedance matching network (LASINT) 
to match the input impedance of a downstream 
VCSEL laser to the output impedance of the 
first RF amplifier (A1); 

said VCSEL laser coupled to one end of a mul- 
timode optical fibre of given length for transduc- 
ing the electrical bandpass RF signal into an 
optical signal injected into the multimode fibre; 
- • a PIN diode coupled to the other end of the mul- 
timode optical fibre for transducing into electri- o 
cal the optical signal coming from th^ fibre; 
a second RF amplifier (T1) of tra-nsimpedance 
type; - • 

characterised in that said analog optical link in- 
cludes: 

a second impedance matching network (C2, 
L2) adapted to match the input impedance of 
the transimpedance amplifier (T1 ) to the output 
impedance of the PIN diode, minimising in the 
meanwhile the noise figure of said transimped- 
ance amplifier (T1) upon a frequency range in- 
cluding the bandpass of the RF signal; 
35 - an amplitude envelope detector (ENVDET) 
placed downstream the transimpedance ampli- 
fier (T1 ) for generating an envelope control sig- 
nal; 

a variable phase shifter (VARAC) controlled by 
40 said envelope control signal to introduce a 

phase offset on the RF signal at the output of 
the transimpedance amplifier (T1) compensat- 
ing for the AM/PM distortion introduced by the 
optical fibre. 

45 

2. Analog optical link of the daiml , characterised in 
that includes a third RF amplifier (A2) placed be- 
tween said transimpedance amplifier (T1) and said 
variable phase shifter (VARAC). 

50 

3. Analog optical link of the claim 2, characterised in 
that the third RF amplifier (A2) is a final power am- 
plifier supplying a transmitting antenna and the link 
includes a gain linearisation networtc of said third 

55 RF power amplifier to compensate for the AM/AM 
distortion introduced on the power peaks of the RF 
signal. 
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4. Analog optical link of the claim 3, characterised In 
that the third RF amplifier (A2) includes subpolari- 
sation means of a power transistor constituting a 
gain expansion stadium operating as predistortion 
lineariser further generating said envelope control s 
signal for said variable phase shifter (VARAC). 

5. Analog optical link of one of the preceding claims, 
characterised In that includes a gain linearisation 
network designed to compensate for the AM/AM io 
distortion of the first RF power amplifier (A1 ) on the 
power peaks of the RF signal in combination with 
the highest amplifications needed to drive the VC- 
SEL adequately for the longest optical links. 

15 

6. Analog optical link of one of the preceding claims, 
characterised in that the multimode optical fibre is 
up to 150 m long to match up to typical lengths of 
the intra-building connections involved in CATV 
service, or to connect indoor apparatuses^ with a 20 
tower antenna, in particular an antenna array suit- 
able for beamforming. 

7. Analog optical link of one of the preceding claims 
except the preceding, characterised in that the 25 
multimode optical fibre is up to 500 m long to match 

up to a small-size fibre infrastructure suitable for 
connecting a centralised bcise station of a pico/mi- 
crocellular system to a pool of remote antennas 
serving as many ceils. so 

8. Analog optical link of one of the preceding claims 
except the preceding one, characterised In that 
the multimode optical fibre is up to 1 .6 km long to 
match up to a fibre infrastructure suitable for con- 35 
necting a centralised base station of a cellular sys- 
tem either of the second or third generation to a pool 

of remote antennas. 

9. Analog optbal link of one of the preceding claims, ^ 
characterised In that said first impedance match- 
ing network (LASI^^^) includes a discrete capacitor 
(C1) serially connected to a microstrip (L1), being 
the value of said capacitor (CI ) and the dimensions 

of said microstrip (LI ) calculated to maintain neariy ^ 
constant the gain of the optk^l link over a band wid- 
er than the band of the RF signal. 

10. Analog optbal link of one of the preceding claims, 
characterised In that said second impedance so 
matching network (C2, L2) includes a discrete ca- 
pacitor (C2) serially connected to a mfcrostrip (L2). 
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